have documented strong stabilizing selection on male wing loading.
Hair graying is the most obvious sign of aging in humans, yet its mechanism is largely unknown. Here, we used melanocyte-tagged transgenic mice and aging human hair follicles to demonstrate that hair graying is caused by defective selfmaintenance of melanocyte stem cells. This process is accelerated dramatically with Bcl2 deficiency, which causes selective apoptosis of melanocyte stem cells, but not of differentiated melanocytes, within the niche at their entry into the dormant state. Furthermore, physiologic aging of melanocyte stem cells was associated with ectopic pigmentation or differentiation within the niche, a process accelerated by mutation of the melanocyte master transcriptional regulator Mitf.
Qualitative and quantitative changes in stem and progenitor cells have been implicated in physiological (chronological) aging (1, 2), although the changes are poorly understood and the process of stem-cell aging has not been visually observed. Involvement of stem and progenitor cells in aging of multiple organ systems has been suggested in mice defective in DNA damage repair and telomere maintenance (3), but melanocytes may be unique in that the oxidative chemistry of melanin biosynthesis can be cytotoxic (4) . This led to the suggestion that differentiated, pigmented melanocytes (rather than their unpigmented progenitors) are specifically targeted in hair graying (5, 6) . The recent discovery of unpigmented melanocyte stem cells, distinctly located within the hair follicle (7) , creates an opportunity to determine whether the process of hair graying arises specifically from changes in differentiated melanocytes or the stem-cell pool that provides them. Stem cells are maintained in the niche microenvironment (8) . Hair follicles contain a well-demarcated structure for the stem-cell niche (within the lower permanent portion), whereas differentiated melanocytes reside in the hair bulb (at the base of the transient portion of the hair follicle) (Fig. 1A) (7, 9) . Hair follicles are constantly renewing, with alternating phases of growth (anagen), regression (catagen), and rest (telogen) (fig. S1 ). Taking advantage of the spatial segregation of the stem versus differentiated cell compartments (7), we used melanocyte-targeted (Dct) lacZ transgenic mice (7, 10, 11) to examine the impact of aging on these melanocyte compartments.
Among hair graying models, the melanocyte lineage in Bcl2 j/j (12) and Mitf vit/vit (13) mice show relatively selective hair graying compared with mouse models of syndromic premature aging, which affect numerous cell lineages (14, 15) . Hair graying in the Bcl2 j/j background has been suggested to arise by chemical cytotoxity of melanin synthesis (5, 12, 16, 17) . Distribution and morphology of melanoblasts among Bcl2 j/j , Bcl2 -/þ , and Bcl2 þ/þ mice were normal during early development ( fig. S2, a to h ). Bcl2 j/j mice gray after the first hair molting (Fig. 1 , B and C) with white hairs. Histologically, differentiated melanocytes were almost completely absent in Bcl2 j/j pelage (body hair) or whisker follicles (Fig. 1 , E and G) compared with Bcl2 -/þ (Fig. 1, D , F, and H) or Bcl2 þ/þ (18) follicles at postnatal day 39 (P39). Albino background did not protect against melanocyte loss in Bcl2 j/j mice (Fig. 1I) , suggesting that melanin synthesis is unnecessary for this melanocyte disappearance. In addition, Bcl2 j/j follicles in the second hair cycle lack both differentiated melanocytes in the hair bulb and undifferentiated Dct-lacZ þ melanoblasts in the stem-cell niche (located at the bulge area in pelage follicles) (Fig. 1, D and E, and fig. S2 , i and j), suggesting that Bcl2 might be important for survival of melanocyte stem cells.
Looking earlier at P6.5, when hair follicle morphogenesis is almost complete, Bcl2 j/j follicles appear normal (Fig. 2B) . In contrast, Bcl2 j/j follicles at P8.5 showed sudden, nearly complete loss of melanoblasts in the niche (bulge area, Fig. 2D ), whereas the number of melanocytes in the hair bulb did not show significant differences between Bcl2 -/þ and Bcl2 j/j mice (Fig. 2E) . In both pelage and whisker follicles from Bcl2 j/j animals, disappearance of niche melanoblasts begins at stage 6 of hair follicle morphogenesis Estandardized hair follicle stages based on (19)^, and by stage 8 they are gone ( fig. S2 , k to n). At this stage, niche melanoblasts undergo a morphologic change from a dendritic shape into a slender, oval shape with shrinkage to maximal nuclear/ cytoplasmic ratio upon entry into the dormant state (Fig. 2, F and G) . This change in morphology was seen cyclically at corresponding stages of subsequent cycles (18) . Apoptosis of melanocyte stem cells was observed at the same stage on the albino or black background (Tyr c-2j/c-2j ) in both pelage and whisker hair follicles ( In contrast to Bcl2 j/j , the Mitf vit/vit (13) graying mouse model exhibited a gradual decrease of melanocyte stem cells rather than abrupt loss (figs. S4 and S6). This strain contains a mild hypomorphic mutation in Mitf, the melanocyte master transcriptional regulator E(20, 21) and references therein^. At early to mid-anagen of the third hair cycle, lacZ þ cells left in the niche of Mitf vit/vit pelage follicles and Mitf vit/þ whisker follicles often produced melanin pigment and exhibited a bipolar or dendritic morphology ( anocyte stem cells. We provisionally use the term ectopic pigmentation or differentiation for this reproducibly observed population because it is uncertain by which pathway these cells became pigmented, although they were absent in age-matched controls whose niche melanoblasts remain undifferentiated (Fig. 3E  and fig. S4u ).
Physiologic (senile) aging in mice also produces hair graying (fig S5) , which could be caused by loss of melanocyte stem cells. Indeed during physiologic aging, niche melanoblasts (lacZ þ ) were lost in a gradual and progressive fashion (Fig. 3, F and G) . Moreover, whole-mount cross sections of 8-monthold follicles revealed pigment-containing melanocytes within the stem-cell niche in addition to their scattered distribution in the outer root sheath below the niche in whisker follicles (Fig. 3, H and I, and fig. S5 , k to n). The appearance of these pigmented melanocytes in the niche is reminiscent of pigmented niche melanocytes observed during the accelerated graying of Mitf-vit mutants. Quantitative analysis revealed that the presence of these cells was accompanied by simultaneous loss of the typical unpigmented Dct-lacZ þ melanoblasts in the niche and correlated closely with aging (Fig. 3, F  and G) . Thus, self-maintenance of melanocyte stem cells is essentially complete in young animals but becomes defective with aging.
We also analyzed the distribution of melanoblasts in aging human hair follicles with the use of MITF immunostaining (Fig.  4) . MITF þ small unpigmented melanoblasts were found in the outer root sheath preferentially around the bulge area where the arrector pili muscle attaches below the level of the sebaceous gland (Fig. 4, A to C 
Whereas MITF þ immature melanoblasts were abundant in follicles from 20-to 30-year-old subjects (2 to 3% of the total basal keratinocytes in the bulge area), they were absent from most hair follicles of 70-to 90-year-old subjects (Fig. 4J) . MITF þ melanocytes in the uppermost area (infundibulum) of the outer root sheath did not decrease significantly with aging, thus serving as a control population in these studies (fig. S7) .
Follicles from intermediate-aged individuals (40 to 60 years old) revealed intermediate loss of bulge melanoblasts (Fig. 4, C and J) . Bulge melanoblasts were found more in pigmented follicles than in gray follicles (18) , as shown recently with PMEL17 þ bulge melanoblasts of middle-aged individuals (27) . In addition, as with aged or Mitf vit mouse follicles, ectopically pigmented MITF þ cells were occasionally observed in the bulge area or just below. These cells closely resembled the dendritic melanocytes described by Narisawa et al. in the bulge area of human follicles (28) . The ectopically pigmented or differentitated melanocytes were seen exclusively in middle-aged follicles but did not accumulate in the bulge area, suggesting that they are not self-maintaining.
Our results demonstrate that Bcl2 is selectively critical for maintenance of melanocyte stem cells, specifically for entry into the dormant state. Bcl2 was previously shown to modulate hematopoietic stem-cell pool size (29) . Different lineages might use distinct antiapoptotic mechanisms to resist the specific stress signals for dormancy. Although melanin biosynthesis has been elegantly shown to be cytotoxic in the context of a certain genetic mutation (6), stem-cell disappearance in Bcl2 null mice does not require melanogenesis. Bcl2 is a transcriptional target of MITF (30) , but Bcl2 does not appear to fully account for melanocyte loss in the context of the weakly hypomorphic Mitf vit/vit allele.
Our data suggest a previously unknown pathophysiologic explanation for hair graying. Loss of melanocyte stem cells can be observed and temporally precedes the loss of differentiated melanocytes in the hair matrix. Thus, incomplete maintenance of melanocyte stem cells appears to cause physiologic hair graying through loss of the differentiated progeny with aging. This is associated with ectopic melanocyte pigmentation or differentiation within the niche. Possible explanations include premature differentiation or activation of a senescence program Ewhich induces pigmentation in vitro (31)^. Acceleration of this process in Mitf vit follicles implicates MITF in the self-renewal of melanocyte stem cells. The precise roles for stem-cell apoptosis versus ectopic differentiation remain to be determined but may similarly contribute to stem-cell loss in other aging organ systems. To analyze the dynamics of protein complexes during the yeast cell cycle, we integrated data on protein interactions and gene expression. The resulting time-dependent interaction network places both periodically and constitutively expressed proteins in a temporal cell cycle context, thereby revealing previously unknown components and modules. We discovered that most complexes consist of both periodically and constitutively expressed subunits, which suggests that the former control complex activity by a mechanism of justin-time assembly. Consistent with this, we show that additional regulation through targeted degradation and phosphorylation by Cdc28p (Cdk1) specifically affects the periodically expressed proteins.
Most research on biological networks has been focused on static topological properties (1), describing networks as collections of nodes and edges rather than as dynamic structural entities. Here we focus on the temporal aspects of networks, which allows us to study the dynamics of protein complex assembly during the Saccharomyces cerevisiae cell cycle. Our integrative approach combines proteinprotein interactions with information on the timing of the transcription of specific genes during the cell cycle, obtained from DNA microarray time series (2, 3) . From the latter, we derived a quality-controlled set of 600 periodically expressed genes, each assigned to the point in the cell cycle where its expression peaks (4) . We then constructed a physical interaction network for the corresponding proteins from yeast two-hybrid screens (5, 6), complex pull-downs (7, 8) , and curated complexes from the Munich Information Center for Protein Sequences (MIPS) database (9) . To reduce the error rate of 30 to 50% expected in most current large-scale interaction screens (10, 11) , all physical interaction data were combined, a topology-based confidence score was assigned to each individual interaction Eas in the STRING database (12)^, and only high-confidence interactions were selected (13) . These were further filtered with information on subcellular localization (14) to exclude interactions between proteins annotated to incompatible compartments (13) ; no curated MIPS interactions were lost because of this filtering. The topology-based scoring scheme, filtering, and extraction criteria reduced the error rate for interactions by an order of magnitude to only 3 to 5% (13) .
In the extracted network ( Fig. 1) , we included, in addition to the periodically expressed (Bdynamic[) proteins, constitutively expressed (Bstatic[) proteins that preferentially interact with dynamic ones (13) . The resulting network consists of 300 proteins (Fig. 1, inside circle) , including 184 dynamic proteins (colored according to their time of peak expression) and 116 static proteins (depicted in white). For 412 of the 600 dynamic proteins identified in the microarray analysis, no physical interactions of sufficient reliability could be found (Fig. 1, outside circle) . Some may be missed subunits of stable complexes already in the network; the majority, however, probably participate in transient interactions, which are often not detected by current interaction assays (15) .
Although our procedure for extracting interactions might miss some cellular processes that are dominated by transient interactions, most of the stable complexes should have been captured at least partially. Tandem affinity purifications alone should identify at least half of the subunits for 87% of the known yeast complexes (7) . Compared with the known cell cycle complexes and functional modules (9), we found that all but two of them were identified by our approach (better than random at P G 10 -30 ). The only exceptions were the anaphase-promoting complex (APC), which can only be detected with a less stringent interaction cutoff, and the Skp1p/ Cullin/F-box protein complex (SCF), which appears to be the only cell cycle-related protein complex without a periodically expressed subunit. For completeness, these two complexes were added to the network. Our extraction procedure produces comparable results even if the curated MIPS complexes are excluded entirely from the analysis or if the specific extraction criteria are changed, showing that the method is robust and has much higher coverage than methods of comparable accuracy (13) .
The derived cell cycle network (Fig. 1 , inside circle) contains 29 heavily intraconnected modules; that is, complexes or groups of complex variants that exist at different time points during the yeast cell cycle. In addition to rediscovering many known cell cycle modules, our approach enables us to place more than 30 poorly characterized proteins in the cell cycle network and to predict new unexpected cell cycle contexts for other proteins (13) . The network contains 31 isolated binary complexes, many of which involve proteins of unknown function, such as Yml119p and Yll032p, which interact and are both putative Cdc28p substrates (16) expressed close in time in G 2 phase (13) .
As an example of the value of combining temporal data with protein-protein interactions, the network reveals a binary complex consisting of the uncharacterized proteins Ymr295p and Ydr348p. Because only Ydr295p is dynamic, the static protein Ydr348p can only be identified as a cell cycle-relevant protein and placed temporally through the integration of the two complementary data types. Indeed, Ydr348p is a putative Cdc28p target (16) , and the interaction is further supported by the observation that both proteins localize to the bud neck (14) . Virtually all complexes contain both dynamic and static subunits (Fig. 1) , the latter accounting for about half of the direct interaction partners of periodically regulated proteins through all phases of the cell cycle (Fig. 2) . Transcriptional regulation thus influences almost all cell cycle complexes and thereby, indirectly, their static subunits. This implies that many cell cycle proteins cannot be identified through the analysis of any sin-
